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persons with spinal cord injury. A MEDLINE (National Library of Medicine, Bethesda,
MD, USA) database was used for selection of the literature (from 1980 to November
2004), and relevant references from peer-reviewed articles were retrieved as well.
Studies investigating the effects of RMT (i.e. resistive breathing weight lifting or
normocapnic hyperpnea) in persons with spinal cord injury were selected. Two
independent reviewers investigated controlled studies for methodological quality by
using a modification of the framework for methodological quality. Methodological
quality ranged between 15 and 29 (maximal feasible score ¼ 40). Twenty-three
papers were retrieved and six controlled trials were kept for further analysis. A
meta-analysis and calculation of effect-size of each individual study and weighted
summary effect-size was intended. However, unreported data and heterogeneity in
outcome variables did not allow performing a meta-analysis. From the systematic
review it is concluded that RMT tended to improve expiratory muscle strength, vital
capacity and residual volume. Insufficient data was available to make conclusions
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endurance, quality of life, exercise performance and respiratory complications.
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A spinal cord injury is a central neurological
disorder with reported incidence of 49.1 per million
habitants in Oklahoma, USA.1 Besides paralysis
of lower and/or upper limbs, spinal cord injury
may also affect respiratory function and may
result in chronic respiratory insufficiency.2
Respiratory insufficiency is due to paresis or
paralysis of the respiratory muscles and is depen-
dent on the level and completeness of the lesion.3,4
More in particular for the quadriplegic patient,
alterations in mechanical properties of the lung and
of the chest wall occur and result in paradoxical
movement of the chest wall and reduced lung and
chest wall compliance.5–7 This results in a de-
creased efficiency of breathing, a reduction in
maximal static respiratory pressures and in reduced
pulmonary volumes.3,4,8–11 Moreover, decreased
ability to sigh, ineffective coughing and develop-
ment of mucus hypersecretion will result in
inadequate clearance of mucus.12 All of the fore-
going factors contribute to high prevalence of
mucus retention, atelectasis, pneumonia and re-
spiratory failure.13,14 Indeed, respiratory complica-
tions in general and pneumonia in particular, still
are the most common causes of death in persons
with spinal cord injury, both in acute and chronic
stages of injury.2,13–15Impaired respiratory muscle function and in-
creased risk of respiratory complications have been
frequently mentioned as indication for respiratory
muscle training (RMT) in persons with spinal cord
injury.16–19 In addition, it is well established that
persons with quadriplegia have a reduced physical
capacity20 due to the loss of motor function in
lower and/or upper limbs and the relatively
inactive lifestyle associated with the injury.21
In addition, respiratory muscles might partake in
non-ventilatory function during exercise.22 There-
fore, it is assumable that exercise performance
might benefit from RMT in persons with spinal cord
injury.
Stiller and Huff23 concluded in their review
on RMT in subjects with quadriplegia that
espiratory muscle strength and/or endurance
improved. However, the lack of controlled
studies did not exclude spontaneous recovery
as the explanation for the improvements
observed in the reviewed papers. Up to now, no
meta-analysis of randomized controlled studies
published in the last years was performed on the
effectiveness of RMT in persons with spinal cord
injury.
The purpose of this paper was to systematically
review findings of controlled studies of RMT in
persons with spinal cord injury by means of a meta-
analysis.
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S. Van Houtte et al.1888Methods
Study identification and selection
A MEDLINE (National Library of Medicine, Bethesda,
MD, USA) database was used for selection of the
literature (from 1980 to November 2004), and
relevant references from peer-reviewed articles
were retrieved as well. The keywords used in the
literature search were: (1) respiratory muscles and
synonyms; (2) RMT or exercise and synonyms; (3)
spinal cord injury (SCI), paraplegia or quadriplegia
and synonyms. Reference lists of all articles
obtained were considered and additional possible
relevant studies were retrieved. Studies investigat-
ing the effects of RMT [weight resistive, flow
resistive, flow independent (threshold pressure) or
normocapnic hyperpnea] in persons with SCI were
selected based on abstract. Further exclusion
criteria were: (1) not written and available in
English; (2) animal studies; (3) review papers; (4)
studies with training programs that used glosso-
pharyngeal breathing, abdominal binding, electro-
stimulation or functional electrostimulation,
phrenic nerve pacing or general exercise training
(e.g. arm cranking exercise). These criteria were
applied by one reviewer (S.V.H.).
Methodological quality
Non-controlled studies were excluded for analysis.
Since results may be related to study methodolo-
gical quality, a score for methodological quality was
assigned to each study. Two independent reviewers
(R.G. and S.V.H.) investigated controlled studies for
methodological quality using a modification of the
framework for methodological quality developed
by Smith et al.24 and Lo¨tters et al.25 (Table 1).
Based on this review, a total score for methodolo-
gical quality was calculated for each study, allow-
ing to weight study results differentially.
Disagreement between reviewers was resolved
through re-analysis and discussion between the
two reviewers.
Meta-analysis, effect-size and training
effects
A meta-analysis of studies evaluating the effects of
RMT in subjects with SCI on respiratory muscle
strength, endurance and pulmonary function was
intended. Vital capacity and respiratory muscle
strength and endurance were analyzed as primary
outcome variables. Furthermore, the influence of
RMT on the incidence of respiratory complicationsand/or exercise capacity and quality of life was
investigated.
In order to calculate the effect-size of each
individual study and the weighted summary effect-
size which could be obtained after weighting for
sample size, authors of controlled papers were
contacted to provide not-reported data.Results
Study identification and selection
A total of 106 references were identified. Eighty-
three studies did not satisfy one or more of the
specified inclusion criteria (Table 2). As shown in
Fig. 1, 23 of those 106 references applied RMT.
Fifteen studies were uncontrolled trials. In two of
the 23 studies RMT was combined with a general
exercise program (e.g. arm cranking exercise)
which did not allow assessing the specific effects
of RMT. Although Huldtgren et al.26 reported a
control group; they did not provide follow-up data
of the control group. Finally, six controlled trials
were left for further analysis.
After Stiller and Huff23 reviewed the literature in
1999, five additional studies investigated the
effects of RMT in patients with spinal cord injury.
Only two studies19,27 were controlled trials and
consequently were kept for further analysis.
Methodological quality and study
characteristics
Four corresponding authors were contacted to
provide additional data, but only one author27
was able to provide data on respiratory muscle
strength, endurance and pulmonary function. Con-
sequently, in three studies28–30 mean scores with-
out associated standard deviation or only values
expressed as percentage predicted were available.
For that reason as well as the heterogeneity in
outcome variables, the current data set was
considered insufficient to perform an adequate
meta-analysis and subsequently, a systematic re-
view was performed.
Methodological quality
Table 3 presents the methodological quality as well
as a summary of the six controlled papers. The
methodological quality score varied between 15
and 29 (median 23) with a maximal feasible score of
40. The major methodological shortcomings were
lack of adequate description of randomization
procedure (median 0), lack of similarity of the
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Table 1 Criteria for methodological quality.24,25
Score
Randomization
Randomization procedure described 5
Randomization procedure not described 0
Similarity of groups
Age, sex, lung function, PImax, lesion level 0/5
y
Co-intervention
Comparable frequency of visits
Comparable number of intercurrent illnesses
Comparable medication changes 0–5z
Masking
Patients
Therapist
Researcher 0–5z
Compliance
Training was supervised 5
Home programme with reporting diary and periodic control visit 4
Home programme with either diary or periodic control visit 3
Compliance not measured 0
Outcome measures
Validity and/or reliability mentioned or referred to 5
Validity and/or reliability not mentioned or referred to 0
Exercise regime
Adequate description of intensity, duration and frequency in both exercise and control group 5
No adequate description of intensity, duration and frequency 0
Follow-up
90–100% follow-up 5
80–89% follow-up 3
o 80% subjects accounted for 1
Cannot tell 0
PImax: maximum static inspiratory pressure.
Total score ¼ 40 points
y0 or 5.
z5 for 3 out of 3, 4 for 2 out of 3, 3 for 1 out of 3 and 0 for 0 out of 3.
Respiratory muscle training in persons with spinal cord injury 1889co-intervention with the experimental intervention
(median 0) and absence of (double) blinding
procedures (median 0). Compliance, description
of exercise regime and follow-up reached the
highest scores (median 5, for all). In addition, all
studies presented pre and post results, but only
three out of six studies17,19,28 performed between
groups statistical analysis.
Study characteristics
Table 3 presents a summary of six controlled studies
on RMT in persons with spinal cord injury. Estenne
et al.29 and Gounden17 performed resistive expira-
tory muscle training, whereas the four other
studies19,27,28,30 applied resistive inspiratory mus-
cle training. The total number of subjects (n ¼ 128)in the six controlled trials were equally divided
over the control and experimental group. There
were 110 men and 18 women with a mean age of 32
years. All studies included persons with a quad-
riplegia (lesion level C3–C8) who were more than 3
months after injury. Only in the study of Liaw
et al.19 subjects between 1 and 3.5 months after
injury were included.Effects of RMT
Respiratory muscle strength
In five out of six studies respiratory muscle strength
was measured as inspiratory or expiratory mouth
pressure or as pectorals muscle strength.29 Two
ARTICLE IN PRESS
Table 2 Reasons of exclusion for 83 papers with corresponding number of citations.
Reason exclusion Number of
papers
No spinal cord injury 5
Not in English 6
Animal studies 3
Reviewy 11
Glossopharyngeal breathing/neck breathing or training of accessory muscles 11
(Functional) electrostimulation 10
Phrenic nerve pacing 15
General exercise training (e.g. arm cranking exercise, handbike exercise, etc.) 7
Respiratory intervention, no training (e.g. effects of abdominal binder, abdominal loads, etc.) 21
Totality of reasons for exclusion 89
For each paper all relevant criteria were registered. Therefore the total number of exclusions exceeded the total number of
papers.
In case a paper was not available in English, this was the only criterion which was registered.
yIn case of a review, it was the only registered criterion.
Respiratory muscle training 
n = 23
Respiratory muscle training 
n = 21
Combination 
with general 
exercise program:
n = 2
Controlled studies: 
n = 6
Non- controlled studies: 
n = 15
106 papers were identified 
Excluded for one 
or more reasons: 
n = 83 
See Table 2.  
Figure 1 Flowchart with identified and excluded papers
after literature search.
S. Van Houtte et al.1890studies,19,28 both providing inspiratory muscle
training, found a change for inspiratory mouth
pressure which varied between 2% and 44%
(median 29%) after RMT, whereas the change in
the control group varied between 0% and 30%
(median 24%). No statistically significant differ-
ences between groups were found. In addition, Uijl
et al.27 did not observe any changes in inspiratory
mouth pressure in treatment or control group.
Two studies, one providing expiratory muscle
training17 and another providing inspiratory muscle
training,19 found an increase in expiratory mouthpressure of 43% and 56%, respectively, whereas the
change in the control group was 0% and 44%,
respectively. Only Gounden17 showed a significant
improvement for expiratory mouth pressure in the
experimental compared to the control group. In
addition, Estenne et al.29 found an increase of 55%
in pectorals strength whereas the control group did
not show any change.
Respiratory muscle endurance
Two studies,27,28 both providing inspiratory muscle
endurance training, investigated the effects of RMT
on respiratory muscle endurance. Although endur-
ance performance improved in both studies in the
experimental groups, between groups comparison
revealed no statistical differences.
Pulmonary function
Vital capacity was measured before and after RMT
in five studies (Fig. 2). Between groups comparisons
only showed a significantly improved vital capacity
for the experimental group in the Gounden17 study.
Although Liaw et al.19 found a significant change
(67%) for vital capacity in the experimental group,
also the control group significantly improved (27%).
No between groups differences were observed.
Zupan et al.30 showed a significant improvement of
19% for vital capacity in the experimental and no
improvement (0%) in the control group. No between
groups comparisons were reported. Loveridge
et al.28 and Uijl et al.27 did not observe any
improvement in experimental and control group
after RMT.
Three studies investigated the effects of RMT
on residual volume. Liaw et al.19 and Loveridge
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Figure 2 Vital capacity in experimental and control
group before and after respiratory muscle training.
Respiratory muscle training in persons with spinal cord injury 1893et al.28 provided inspiratory muscle training and
found no changes in residual volume. The experi-
mental groups changed with 0% and 15%, respec-
tively, whereas the control groups changed
with—17% and 0.5%, respectively. Only Estenne et
al.29 providing expiratory muscle training, showed
a significant decrease of 14%, whereas the control
group did not change (0%). However, between
groups comparisons were not performed.
Respiratory complications, quality of life,
exercise performance
Only Liaw et al.19 objectively measured the effect
on dyspnea. Borg score for resting dyspnea
decreased with 22% and 10% in experimental and
control group, respectively. Between groups statis-
tical comparison revealed a significant differencein favor of the experimental group. Although Liaw
et al.19 mentioned cough evaluation in their
method section, no further data were provided.
Furthermore, Zupan et al.30 reported that seven
patients found breathing easier during training
periods. Two patients experienced more spasms
and had increased sputum production. Finally, only
one study27 investigated the effects of RMT on
exercise performance. Uijl et al.27 found that peak
oxygen consumption during an incremental max-
imal arm-cranking exercise test significantly im-
proved with 11% after RMT, whereas sham training
showed no difference (0%). Between groups com-
parison was not performed.Discussion
This is the first systematic review based on
controlled trials and a methodological framework
to analyze the efficacy of RMT in persons with
spinal cord injury. A MEDLINE search revealed only
six controlled studies with moderate methodologi-
cal quality. Unfortunately, a limited number of
randomized controlled trials, unreported data and
heterogeneity in outcome variables hampered
interpretation of findings. Consequently, it was
impossible to calculate effect sizes and to perform
a meta-analysis. Nevertheless, based on the cur-
rent findings, tendencies for improved expiratory
muscle strength, vital capacity and decreased
residual volume after RMT were observed. Insuffi-
cient data were available to provide conclusions on
the effects of RMT on quality of life, exercise
performance and respiratory complications.
Methodological quality and study
characteristics
Methodological quality scores of the six studies in
the present review were in line with scores
reported by Lo¨tters et al.25 in patients with chronic
obstructive pulmonary disease. Although previous
reviews already have proven the validity and value
of this methodological framework,24,25 it is obvious
that other parameters such as the duration of the
training, the training modality as well as an
adequate selection of outcome variables will also
determine the quality of a study. Moreover,
between group statistical analysis and power
analysis were not included as criteria for metho-
dological quality. We consider the lack of between
group statistical analysis in three27,29,30 of the six
studies and absence of power analysis in all
studies as methodological weaknesses. Finally, the
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S. Van Houtte et al.1894relatively low incidence, the severity of the injury
and the distribution across different rehabilitation
centers of persons with an acute spinal cord injury
might explain the small sample size of the studies.
Effects of RMT
The main training effects of the reviewed papers
will be discussed in perspective of differences in
training modality, intensity and methodological
quality.
Respiratory muscle strength
Across the three controlled trials which investi-
gated inspiratory muscle strength (see Table 3),
surprisingly, no consistent effect of RMTwas found.
One study27 with the highest score for methodolo-
gical quality (29) did not observe any effect,
whereas two studies19,28 of lower methodological
quality (score 22 and 16, respectively) found similar
significant changes for experimental and control
group. These findings are in contrast with the
significant improvements for inspiratory muscle
strength following overall analysis of 15 studies in
the meta-analysis by Lo¨tters et al.25 on inspiratory
muscle training in patients with chronic obstructive
pulmonary disease. The review of Smith et al.24
concerning RMT in patients with chronic airflow
limitation strongly suggested that specific training
effects were related to the type (inspiratory or
expiratory resistive breathing) of muscle training.
Indeed, Uijl et al.27 used a target flow endurance
training of the inspiratory muscles at an initial load
of 70% endurance pressure, explaining that respira-
tory muscle strength in that study was not
affected. Gounden17 (methodological quality of
25) showed a significant improvement for expira-
tory muscle strength in the experimental group
(expiratory muscle training) compared to the
control group, also underlining the specificity of
the training response. Similarly, pectorals muscle
strength significantly improved in the experimental
group of the study of Estenne et al.29 Changes in
inspiratory or expiratory lung volumes might have
contributed to improved expiratory or inspiratory
mouth pressures, respectively, none of the studies
controlled for this.
Respiratory muscle endurance
Only two controlled studies27,28 (methodological
quality of 24 and 29, respectively), included a
measure of respiratory endurance (see Table 3), but
did not observe between group differences. An
explanation for the lack of significant differences
might be the small sample sizes and therefore lackof power of the studies. Alternatively, adequate
training intensity controlled with diaphragm elec-
tromyography assured induction of respiratory
fatigue during each training session of resistive
breathing in the uncontrolled trial of Gross et al.18
They found significant improved respiratory muscle
endurance in a sample of six patients with a
cervical spinal cord injury. Lo¨tters et al.25 reported
significantly improved respiratory muscle endur-
ance after overall analysis of seven studies in
patients with COPD.
Pulmonary function
Five studies17,19,27,28,30 with a methodological
quality ranging between 16 and 29 (see Table 3),
reported effects of RMT on vital capacity. Only,
Gounden17 found an improved vital capacity in
favor of the experimental group. This is in contrast
with the results of the meta-analysis of Lo¨tters
et al.25 who did not find any significant change of
pulmonary function in patients with chronic ob-
structive pulmonary disease. Differences in popula-
tion characteristics may explain this contradiction.
Pulmonary function in SCI is mainly limited by the
weakness of respiratory muscles, whereas in
patients with chronic obstructive pulmonary dis-
ease airway obstruction is the main reason for
impaired pulmonary function. Therefore, training
of the remaining respiratory muscles in SCI and the
use of compensatory respiratory mechanisms, such
as m. pectorals function for expiration29 may
improve pulmonary function. Consequently, the
improved expiratory muscle strength in the study
of Gounden17 could have lowered end-expiratory
lung volume and thus increased vital capacity.
However, end-expiratory lung volume was not
measured in the study. Estenne et al.29 providing
expiratory muscle training, showed an improved
residual volume (i.e. decrease) in the experimental
group (see Table 3) as well as improved pectorals
muscle strength. This observation underlines the
specificity of training as well.
Respiratory complications, quality of life and
exercise performance
Although subjects with SCI have an impaired
pulmonary function3,4,8–10 and are at higher risk
for respiratory complications2,13–15 and mortal-
ity,2,15 only one study19 reported changes in resting
dyspnea. Also in patients with chronic obstructive
pulmonary disease RMT already resulted in relieve
of dyspnea and improved quality of life.25 Since
respiratory complications are important events in
patients with spinal cord injury, efficacy of cough
should be an important target for RMT. Increased
expiratory pressure will increase driving pressure
ARTICLE IN PRESS
Respiratory muscle training in persons with spinal cord injury 1895for forced expiration, while improved inspiratory
muscle strength will enhance inspiratory volume
and thus will also contribute to driving pressure for
expiration.
In their meta-analysis, Lo¨tters et al.25 did not
find a significant additional effect on functional
exercise capacity. To which extent improved
respiratory strength and endurance in persons with
SCI can be transferred to an improved exercise
performance and quality of life remains to be
elucidated.Conclusion
Trends for improvement following respiratory mus-
cle training were observed for expiratory muscle
strength, vital capacity and residual volume,
whereas not sufficient support is available for
improved inspiratory muscle strength and endur-
ance. Insufficient data was available to provide
conclusions on the effects on quality of life,
respiratory complications and exercise perfor-
mance. Further randomized controlled trials should
clarify these issues.Competing interests
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